Introduction {#S1}
============

Systemic mastocytosis (SM) is a stem cell-derived, myeloid neoplasm defined by abnormal expansion and accumulation of tissue mast cells (MC) in the bone marrow (BM) and other internal organs ([@R1]--[@R6]). Non-aggressive and advanced variants of the disease have been defined ([@R1]--[@R6]). Depending on MC burden, organ involvement, disease-subtype and comorbidities, the clinical course and prognosis vary greatly among patients ([@R1]--[@R7]). In contrast to indolent SM (ISM), patients with aggressive SM (ASM) and MC leukemia (MCL) have a poor prognosis. The response to conventional drugs is particularly poor in these patients ([@R4]--[@R7]). Therefore, current research is seeking novel therapeutic targets in neoplastic MC in advanced SM ([@R8],[@R9]). One major regulator of growth and survival of MC is the tyrosine kinase receptor KIT ([@R4]--[@R9]). In a majority of all SM patients, including those with ASM and MCL, neoplastic MC exhibit the D816V-mutated variant of *KIT* ([@R10]--[@R14]). This mutation leads to stem cell factor-independent activation of KIT and triggers autonomous, uncontrolled growth of neoplastic MC ([@R15]). Therefore, the effects of several KIT-targeting tyrosine kinase inhibitors (TKI) have been tested *in vitro* and *in vivo*, with the aim to control neoplastic expansion of MC in advanced SM ([@R16]--[@R19]). However, although many patients benefit from treatment and show long-lasting clinical responses to midostaurin, no long-term hematologic remissions are induced by this drug ([@R20],[@R21]). Moreover, recent data have shown that apart from KIT, other oncogenic kinases and pathways may play an important role in growth and survival of neoplastic MC ([@R22]--[@R26]).

More recent data suggest that neoplastic cells in advanced SM display one or more molecular lesion(s) (mutations) that may be responsible for oncogenic signaling and drug resistance ([@R23]--[@R26]). Other studies have shown that activation of STAT5 is a crucial event contributing to KIT D816V-dependent proliferation of neoplastic MC ([@R27]--[@R29]). All these signaling molecules and pathways may act together to promote abnormal growth of neoplastic MC in ASM and MCL. However, most drugs applied so far are directed against a limited number of kinase targets.

Aurora-kinases (AURK) are serine/threonine kinases that serve as important regulators of mitosis and are overexpressed in neoplastic cells in various solid tumors and hematologic malignancies ([@R30]--[@R31]). More recently, AURK inhibitors have been developed and were applied in preclinical studies as well as in clinical trials in cancer patients ([@R30],[@R32]--[@R34]). Most of these inhibitors are directed against a number of additional targets, such as BCR-ABL1, FLT3, or PDGFR which may explain their broad and quite impressive anti-neoplastic effects in diverse cancer types ([@R33],[@R34]).

In the present study, we investigated the effects of a broadly acting AURK inhibitor, R763, on proliferation, cell cycle progression, and survival in neoplastic MC. We found that R763 induces major growth-inhibitory effects by blocking the activity of several different molecular targets in neoplastic MC. The most sensitive target appeared to be STAT5.

Materials and Methods {#S2}
=====================

Reagents {#S3}
--------

Reagents used in this study are described in the [Supplement](#SD1){ref-type="supplementary-material"}.

Isolation of primary neoplastic MC and culture of MC lines {#S4}
----------------------------------------------------------

Primary neoplastic cells were obtained from 14 patients with SM. Patients were classified as indolent SM (ISM; n=6), (ISM-AHN, n=1), ASM (n=5), and MCL (n=2) according to published criteria and the WHO classification 2016 ([@R35],[@R36]). The patients´ characteristics are shown in [Supplemental Table S1](#SD1){ref-type="supplementary-material"}. Heparinized bone marrow (BM) or peripheral blood (PB) cells were layered over Ficoll to isolate mononuclear cells (MNC). The study was approved by the ethic committee of the Medical University of Vienna and conducted in accordance with the declaration of Helsinki. All patients gave written informed consent before BM puncture. Cell lines used in this study were the human MC lines HMC-1.1 ([@R17],[@R19],[@R37]), HMC-1.2 ([@R17],[@R19],[@R37]), ROSA^KIT\ WT^ ([@R38]), ROSA^KIT\ D816V^ ([@R38]) and MCPV-1.1 ([@R39]), and the canine MC lines C2 ([@R40]) and NI-1 ([@R41]). A detailed description of cell lines is provided in the [supplement](#SD1){ref-type="supplementary-material"}.

Detection of AURKA and AURKB mRNA and protein {#S5}
---------------------------------------------

Quantitative real time (RT) PCR was performed using cDNA from MC lines and primary neoplastic MC, and primers specific for *AURKA* and *AURKB* ([Supplemental Table S2](#SD1){ref-type="supplementary-material"}). Immunocytochemistry (ICC) was performed on cytospin-slides prepared with human MC lines and antibodies against AURKA and AURKB ([Supplemental Table S3](#SD1){ref-type="supplementary-material"}) essentially as described ([@R42]). Immunohistochemistry (IHC) was performed on sections prepared from paraffin-embedded (formalin-fixed) BM biopsy specimens (ISM, n=5; ASM, n=3, MCL n=2) according to standard methodology. A detailed description is provided in the [supplement](#SD1){ref-type="supplementary-material"}.

Western blotting and Immunoprecipitation (IP) {#S6}
---------------------------------------------

Western blotting and IP were performed following standard techniques ([@R41]--[@R44]). Technical details are provided in the [Supplement](#SD1){ref-type="supplementary-material"}.

Determination of proliferation, cell cycle progression and apoptosis {#S7}
--------------------------------------------------------------------

Proliferation and cell cycle progression of drug-exposed MC were determined following standard techniques. Apoptosis of drug-exposed MC lines was determined by light microscopy, TUNEL assay and Annexin V/PI staining as reported ([@R45]). Technical details are described in the [Supplement](#SD1){ref-type="supplementary-material"}.

Silencing of AURKA and AURKB by shRNA {#S8}
-------------------------------------

Knockdown experiments were performed with shRNA against AURKA or AURKB ([Supplemental Table S4](#SD1){ref-type="supplementary-material"}) and HMC-1.2 cells following published methods ([@R46],[@R47]). Technical details are described in the [Supplement](#SD1){ref-type="supplementary-material"}.

Statistical analysis {#S9}
--------------------

To determine the level of significance in the results obtained the paired Student´s t-test was applied. Results were considered to be significantly different when p was \<0.05.

Results {#S10}
=======

Detection of AURKA in neoplastic MC {#S11}
-----------------------------------

As assessed by qPCR, HMC-1, ROSA, and MCPV-1.1 cells expressed substantial amounts of AURKA mRNA, whereas AURKB mRNA was expressed at lower levels ([Figure 1A](#F1){ref-type="fig"}). Similar results were obtained with primary neoplastic MC in indolent or advanced SM ([Figure 1B](#F1){ref-type="fig"}). We were also able to detect AURKA and AURKB mRNA in the canine MC lines C2 and NI-1 ([Supplemental Figure S1](#SD1){ref-type="supplementary-material"}). As assessed by Western blotting, HMC-1 and ROSA cells expressed the AURKA and AURKB protein ([Figure 1C](#F1){ref-type="fig"}). ICC staining experiments confirmed that all MC lines tested display AURKA and AURKB ([Figure 1D](#F1){ref-type="fig"}). Finally, we found that primary neoplastic MC in patients with ISM, ASM, and MCL exhibit AURKA and AURKB ([Figure 1E](#F1){ref-type="fig"}). In patients with ISM, neoplastic MC expressed substantial amounts of AURKA and AURKB, whereas in advanced SM (ASM, MCL), MC expressed lower amounts of AURKA, but retained substantial amounts of AURKB. Other BM cells tested, including immature myeloid progenitors also displayed AURKA and AURKB. A summary of antibody-staining results is shown in [Supplemental Table S5](#SD1){ref-type="supplementary-material"}.

shRNA-induced knockdown of AURKA and AURKB results in reduced proliferation of neoplastic MC {#S12}
--------------------------------------------------------------------------------------------

To study the functional role of AURKA/B in neoplastic MC, experiments with shRNA-transduced HMC-1.2 cells were performed. In these experiments, knock-down of AURKA resulted in a decreased proliferation compared to a control shRNA ([Supplemental Figure S2A](#SD1){ref-type="supplementary-material"}). Knock-down of AURKB was also followed by reduced proliferation, but the effect on HMC-1.2 was less pronounced compared to the effect of shRNA against AURKA ([Supplemental Figure S2A](#SD1){ref-type="supplementary-material"}). shRNA-induced knock-down of AURKA and AURKB was confirmed by qPCR ([Supplemental Figure S2B](#SD1){ref-type="supplementary-material"}).

R763 inhibits growth of neoplastic MC {#S13}
-------------------------------------

As determined by ^3^H-thymidine uptake, R763 was found to inhibit the proliferation in HMC-1, ROSA, and MCPV-1.1 cells. Interestingly, IC~50~ values were higher in HMC-1.1 cells (5-50 nM) compared to HMC-1.2 cells (1-10 nM), and higher in ROSA^KIT\ D816V^ cells (50-500 nM) and MCPV-1.1 cells (100-1,000 nM) compared to ROSA^KIT\ WT^ cells (1-10 nM) ([Figure 2A](#F2){ref-type="fig"}). Confirming our previous data ([@R48]) R763 was also found to suppress growth of C2 and NI-1 cells ([Supplemental Figure S3A](#SD1){ref-type="supplementary-material"}). In addition, R763 induced dose-dependent inhibition of proliferation in primary neoplastic MC in most patients with ISM, ASM and MCL ([Figure 2B](#F2){ref-type="fig"}, [Supplemental Table S1](#SD1){ref-type="supplementary-material"}). In normal BM cells, R763 also produced growth-inhibitory effects, but was less effective than in neoplastic MC in ASM/MCL ([Supplemental Figure S3B](#SD1){ref-type="supplementary-material"}).

R763 induces a G2/M cell cycle arrest in neoplastic MC {#S14}
------------------------------------------------------

Since AURKA/B play an essential role in cell cycle progression and mitosis, we assessed the effects of R763 on cell cycle progression. R763 induced a substantial G2/M cell cycle arrest at low nanomolar concentrations in all MC lines tested ([Supplemental Figure S4](#SD1){ref-type="supplementary-material"}). R763 also induced endoreduplication in C2 and NI-1 cells after 24 hours, whereas no substantial endoreduplication was observed in drug-exposed HMC-1 cells ([Supplemental Figure S5](#SD1){ref-type="supplementary-material"}).

R763 induces apoptosis in neoplastic MC {#S15}
---------------------------------------

As assessed by light microscopy, R763 induced apoptosis in HMC-1.1, HMC-1.2, C2, and NI-1 cells in a dose-dependent manner ([Supplemental Figure S6A](#SD1){ref-type="supplementary-material"}). The effects of R763 on viability of MC lines were confirmed by TUNEL assay ([Supplemental Figure S6B](#SD1){ref-type="supplementary-material"}). In addition, R763 induced cleavage of caspase 3 in both HMC-1 sub-clones as well as in C2 and NI-1 cells as evidenced by Western blotting ([Supplemental Figure S6C](#SD1){ref-type="supplementary-material"}). Moreover, R763 was found to induce time-dependent apoptosis in HMC-1 and ROSA cells in our flow cytometry experiments ([Supplemental Figure S6D](#SD1){ref-type="supplementary-material"}). Finally, we were able to demonstrate that R763 induces apoptosis in primary neoplastic MC obtained from a patient with MCL ([Figure 2C](#F2){ref-type="fig"}).

R763 inhibits phosphorylation of various signaling molecules, including STAT5 {#S16}
-----------------------------------------------------------------------------

Recent data suggest that R763 is not specific for AURK but also blocks other major regulators of proliferation and survival in neoplastic cells ([@R33]). Therefore, we examined the effects of R763 on other key signaling molecules expressed in neoplastic MC, including KIT, BTK, and STAT5. In these experiments, we were able to show that R763 inhibits phosphorylation of KIT, AKT, BTK, and STAT5 in HMC-1 cells ([Supplemental Figure S7A](#SD1){ref-type="supplementary-material"}). Phosphorylation of KIT, AKT and BTK decreased at 100-1000 nM of R763. By contrast, STAT5 phosphorylation was completely inhibited at 10 nM R763 ([Supplemental Figure S7B](#SD1){ref-type="supplementary-material"}). In IP experiments, R763 was found to inhibit phosphorylation of STAT5A and STAT5B in HMC-1.2 cells ([Supplemental Figure S7C](#SD1){ref-type="supplementary-material"}). A decrease in phosphorylation of STAT5A and STAT5B was already detected after 30 to 60 minutes of incubation with 10 nM R763 ([Supplemental Figure S7C](#SD1){ref-type="supplementary-material"}). Moreover, R763 decreased STAT5 phosphorylation in primary neoplastic MC ([Supplemental Figure S7D](#SD1){ref-type="supplementary-material"}). These data suggest that STAT5 is an important and sensitive target of R763.

R763 cooperates with PKC412 (midostaurin) and with dasatinib in producing growth-inhibition and apoptosis in neoplastic MC {#S17}
--------------------------------------------------------------------------------------------------------------------------

Since R763 did not inhibit proliferation of neoplastic MC in all patients we were interested to know whether the effect of R763 can be augmented by addition of other anti-neoplastic drugs. In these experiments, we combined R763 with either PKC412 or dasatinib, two KIT D816V-targeting drugs exhibiting a broad target interaction profile ([@R22],[@R49]). We found that PKC412 and dasatinib cooperate with R763 in producing growth inhibition in HMC-1.1, HMC-1.2, ROSA^KIT\ WT^, and ROSA^KIT\ D816V^ cells ([Figure 3](#F3){ref-type="fig"}). Moreover, R763 was found to cooperate with PKC412 in producing growth-inhibition in primary neoplastic MC ([Supplemental Figure S8A](#SD1){ref-type="supplementary-material"}). Finally, we were able to show that R763 cooperates with PKC412 and with dasatinib in producing apoptosis in HMC-1 cells ([Supplemental Figure S8B](#SD1){ref-type="supplementary-material"}).

Discussion {#S18}
==========

AURKA and AURKB are serine/threonine kinases that serve as major regulators of cell cycle progression in neoplastic cells ([@R30]--[@R33]). However, little is known about expression and function of AURK in neoplastic MC. We found that neoplastic MC in SM express AURKA and AURKB, and that the AURK-targeting drug R763 acts as a potent inhibitor of growth and survival of neoplastic MC. In addition, R763 suppressed the activity of additional targets in neoplastic MC, including KIT, BTK and AKT. Most significantly, R763 was identified as an extremely potent inhibitor of STAT5-activation in neoplastic MC.

So far, little is known about expression and function of AURK in human MC and about the effects of AURK blockers ([@R50]). In an initial phase of our study, we examined the expression of AURKA and AURKB in primary neoplastic MC in SM and in various human MC lines. Interestingly, although neoplastic MC expressed AURKA mRNA in excess over AURKB mRNA, the AURKA and AURKB proteins were both expressed at detectable levels in MC. This observation may be explained by higher production- and turn-over rates of AURKA in MC.

In a next step we were able to show that AURKA and AURKB are functionally relevant molecules in neoplastic MC. In particular, our data show that shRNA-mediated knock-down of AURKA or AURKB leads to decreased proliferation in HMC-1.2 cells. Interestingly, the knock-down of AURKA resulted in stronger growth-inhibitory effects compared to AURKB knock-down. These data may suggest that AURKA is more important for the viability or growth of MC. Differences in the transfection- or knock-down efficacy of the shRNA applied could be excluded. All in all, our data show that AURKA and AURKB contribute to growth of neoplastic MC, which confirms the role of these kinase targets observed in other neoplasms ([@R30]--[@R34]).

Over the past 10 years, several different AURK inhibitors have been developed and applied in preclinical and clinical studies ([@R30],[@R32]--[@R34]). R763 is a multi-kinase blocker that exerts major inhibitory effects on AURKA and AURKB. We found that R763 is a potent inhibitor of growth and survival of neoplastic MC. The effects of this drug on MC proliferation were seen in primary neoplastic MC and in all human and canine MC lines tested. An interesting observation was that the effects of R763 on proliferation were stronger in HMC-1.2 than in HMC-1.1 cells, and stronger in ROSA^KIT\ WT^ cells compared to ROSA^KIT\ D816V^ cells. The reason for the differential response of various MC lines to R763 remains unknown. Concerning ROSA cells, the differential response may be explained by a higher sensitivity of wild type (WT) KIT against R763 compared to KIT D816V. In this regard the higher sensitivity of HMC-1.2 cells (expressing KIT D816V) is difficult to explain. One possibility could be that additional molecular targets of R763 are selectively expressed by HMC-1.2 cells. For example, HMC-1.2 cells display higher levels of pSTAT5 compared to HMC-1.1 cells ([@R27]). An alternative explanation would be that HMC-1.1 cells exhibit additional molecular pathways leading to relative resistance against R763. Major differences in expression of the key targets, AURKA and AURKB, were excluded in our experiments.

STAT5 is an established target in KIT D816V+ neoplastic MC ([@R27]--[@R29]). In the present study, we were able to confirm that STAT5 is constitutively phosphorylated in neoplastic MC. In addition, we found that R763 suppresses STAT5 phosphorylation in both HMC-1 sub-clones. An interesting observation was that R763 inhibits tyrosine phosphorylation of STAT5A and STAT5B at very low concentrations (10 nM) in HMC-1.2 cells. Interestingly, these low drug concentrations were not sufficient to block activation of other signaling molecules in HMC-1 cells, which may have several explanations. One possibility may be that R763 directly acts on STAT5 or a STAT5-related signaling complex. Another possibility would be that the incomplete but simultaneous inhibition of several different upstream targets leads to a rapid decrease of STAT5 tyrosine phosphorylation. Alternatively, STAT5 inhibition may be a secondary effect mediated by another sensitive (unknown) target of R763 in neoplastic MC.

A number of different mechanisms may underly R763-induced growth inhibition in neoplastic MC. We found that R763 induces a G2/M cell cycle arrest as well as apoptosis in neoplastic MC.

A clinically relevant question to address was whether the effects of R763 can be confirmed using primary human MC. In a first step, we were able to show that primary neoplastic MC express AURKA and AURKB. Moreover, R763 was found to inhibit the proliferation of primary neoplastic MC in most samples tested. In addition, R763 was found to induce apoptosis in primary neoplastic MC. Growth-inhibitory effects of R763 on neoplastic MC were observed in all categories of advanced SM, including ASM and MCL. It is also noteworthy that in 2 patients with ISM, neoplastic cells did not respond to R763. This may be due to the fact that in the BM samples analyzed, a majority of cells were non-clonal (normal) cells that did not respond, whereas in most ASM- and MCL samples examined, most or even all cells were clonal cells expressing *KIT* D816V. An important observation was that R763 did not exert major growth-inhibitory effects on normal BM cells.

Recent data suggest that antineoplastic drugs, when used as single agents, may not be sufficient to completely (and durably) suppress growth of neoplastic MC in ASM and MCL. Therefore, combinations of various targeted drugs have been tested ([@R19],[@R22],[@R42]). In the present study, we applied drug combinations consisting of R763 and the KIT D816V-targeting drugs PKC412 and dasatinib. Both combinations were found to produce synergistic growth-inhibitory effects in HMC-1 and ROSA cells. These data suggest that such combinations may be useful and should be considered for testing in consecutive studies. The primary mechanisms underlying the synergistic drug interactions remain unknown. Based on our data, it is tempting to speculate that R763-induced inhibition of STAT5 activation plays a role in synergistic drug effects. This hypothesis was supported by the observation that very low concentrations of R763 were sufficient to block STAT5 activation (but not other signaling molecules) and produced synergistic anti-neoplastic effects.

In summary, our data show that neoplastic MC in SM express AURKA, AURKB, as well as several other targets of R763. In addition, our data show that exposure to R763 is associated with inhibition of STAT5 activation as well as with major growth-inhibition and apoptosis. R763 may be a novel promising agent to treat advanced SM, a hypothesis that needs to be tested in clinical trials.
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![Expression of AURKA and AURKB in neoplastic mast cells (MC)\
A-C: Expression of AURKA mRNA and AURKB mRNA in HMC-1 cells, ROSA cells, MCPV-1.1 cells (A) and primary neoplastic MC (B) was analyzed by qPCR using specific primers as described in the text. AURK mRNA levels are expressed as percent of ABL1 mRNA levels. Results represent the mean±S.D. of 3 independent experiments. C: Expression of AURKA and AURKB in HMC-1 cells and ROSA cells determined by Western blotting. Actin served as loading control. D: Expression of AURKA and AURKB in neoplastic MC assessed by immunocytochemistry using antibodies against AURKA (left panels) and AURKB (right panels). Original magnification, x100. E: Immunhistochemical detection of AURKA (left panels), AURKB (middle panels) and tryptase (right panels) in neoplastic MC in bone marrow biopsy sections in 2 patients with indolent systemic mastocytosis (ISM), one with aggressive SM (ASM), and one with MC leukemia (MCL). Original magnification, x60.](emss-74930-f001){#F1}

![R763 inhibits the proliferation and survival of neoplastic mast cells (MC)\
A, B: HMC-1.1, HMC-1.2, ROSA^KIT\ WT^, ROSA^KIT\ D816V^, and MCPV-1.1 cells (A), and primary neoplastic MC obtained from patients with various subtypes of SM (B) were incubated with control medium or various concentrations of R763 as indicated at 37°C for 48 hours. After incubation, 0.5 µCi ^3^H-thymidine was added. After 16 hours, cells were harvested and bound radioactivity was measured in a β-counter. Results in ´A´ are expressed as percent of control and represent the mean±S.D. from at least 3 independent experiments Asterisk (\*): p\<0.05. Results in ´B´ are expressed as percent of control and represent the mean±S.D. of triplicates. C: Primary neoplastic MC were incubated in control medium or various concentrations of R763 for 48 hours. Then, the percentage of apoptotic MC (CD45^+^/CD34^-^/CD117^+^ cells) was analyzed by flow cytometry. Apoptotic cells were defined as DAPI^-^/Annexin V^+^ cells.](emss-74930-f002){#F2}

![R763 cooperates with PKC412 and with dasatinib in producing growth inhibition in neoplastic mast cells (MC)\
A: HMC-1.1 and HMC-1.2 cells (upper panel) were incubated with various concentrations of R763, PKC412, or a combination of both drugs a fixed ratio of drug concentrations for 48 hours. Lower panel: HMC-1.1 and HMC-1.2 cells were incubated in various concentrations of R763, dasatinib, or a combination of both drugs at a fixed ratio of drug concentrations for 48 hours. Results are expressed as percent of control and represent the mean±S.D. of triplicates. B: ROSA ^KIT\ WT^ and ROSA^KIT\ D816V^ cells (upper panel) were incubated with various concentrations of R763, PKC412, or a combination of both drugs at a fixed ratio of drug concentrations for 48 hours. Lower panel: ROSA ^KIT\ WT^ and ROSA^KIT\ D816V^ cells were incubated with various concentrations of R763, dasatinib, or a combination of both drugs at a fixed ratio of drug concetrations for 48 hours. Results are expressed as percent of control and represent the mean±S.D. of triplicates.](emss-74930-f003){#F3}
